Hydrogen (H2) is considered a clean fuel because its combustion releases heat, water and near-zero carbon emissions. This substance can be produced through many routes, including thermochemical cycles in which water molecules are splited into oxygen and hydrogen through specific chemical reactions supported by an appropriate heat source at specific temperature conditions. There are a wide variety of thermochemical cycles under development, many of them require temperatures higher than 1000°C while others, like the cycles U-Eu-Br, Mg-Cl and Cu-Cl can operate below 550°C. The reduction in the temperature levels of a thermochemical process allows the use of various energy options, facilitating H2 production. So, the main aim of the paper is to analyze hydrogen production according to the Na-O-H thermochemical process whose required heat is supplied by a Gas Turbine Modular Helium Reactor (GT-MHR), a nuclear power plant (NPP) with low cost and low carbon emissions. The Na-O-H is a fresh chemical process that can operates at temperatures close to 400°C. The system will be studied in the software Engineering Equation Solver (EES) according to the first and second laws of thermodynamics. The results indicate that such system can produce around 3.654 kg/s of H2 considering a mass flow rate of 500 kg/s of helium coolant at 850°C coming from GT-MHR.
Introduction
Hydrogen (H2) is expected to be one of the energy carriers in a sustainable future [1] due to the following reasons: its combustion mainly releases heat, water and near-zero carbon emissions [2] ; its usage in fuel cells has high electricity conversion without any pollutant [3] ; calorific value or energy content higher than any fossil fuel [4] . In this way, hydrogen could be used to sustain the growing energy consumption around the world mainly caused by the expansion in population, urbanization and industrialization [5] .
Hydrogen can be produced through many routes [2, [6] [7] [8] [9] [10] , even from fossil fuels and their derivatives in steam reforming, coal gasification and partial oxidation processes [7] . Such routes are responsible for around 99 % of all hydrogen consumed in industries [4] . Besides that, fossil fuels are non-renewable and finite natural resources, and they probably will exhaust in some future moment. This context contributes to the development of alternative technologies of hydrogen production from other resources instead fossil ones [4] such as thermochemical water splitting cycles.
A thermochemical water splitting cycle indirectly cracks water molecules into oxygen and hydrogen through cyclic chemical reactions supported by a heat source. This process happens with the need of very low or even none electricity [11] . Moreover, all the chemical substances present in such cycles are able to be cyclic reused with no loss of material, except water which is the material responsible for providing hydrogen [11] and can be obtained from many sources like desalination processes or industrial water treatment. In addition, some of the existing thermochemical cycles can provide economic advantages, making them potential candidates to provide hydrogen in large scale [3] .
There are a wide variety of thermochemical cycles under development, many of them require heat sources at temperatures higher than 1000°C [12] [13] [14] while others, like the cycles U-Eu-Br (uraniumeuropium-bromium) [15, 16] , Mg-Cl (magnesium-chlorine) [17, 18] and Cu-Cl (copper-chlorine) [19, 20] , demand temperature limits around 300°C, 450°C and 550°C, respectively. The reduction in the temperature requirements of a thermochemical cycle allows the use of a variety of heat sources, facilitating H2 production.
About the magnesium-chlorine cycle, Ozcan and Dincer [17] proposed a new four-step for this cycle. This new configuration allows the cycle to operate at temperatures between 450-500°C against 530°C of the conventional three-step. Additionally, this new four-step has better thermodynamic efficiency than the three-step [17] . Still, Ozcan and Dincer [18] analyzed this new four-step Mg-Cl cycle and concluded that it have exergy and energy efficiency of 52% and 43.7%, respectively.
In relation to the copper-chlorine cycle, its highest operating temperature is around 550°C; Ouagued et al [19] carried out a research to estimate the potential of Algeria to produce hydrogen using a Cu-Cl thermochemical cycle coupled to a solar parabolic trough collector. According to the final results, the authors conclude that such system is able to produce approximately 84 tons of hydrogen/year with energy efficiency close to 48%. Additionally, Wu et al [20] compared different configurations of the Cu-Cl cycle. They are 3-step, 4-step and 5-step. These configurations have the same function that is to produce hydrogen but each one of them is based on different numbers of chemical reactions represented by the numbers of steps in each one. Among the final results obtained by Wu et al [20] , the 4-step cycle is a potential candidate to be used as a commercial system because it demands less components or devices and low energy consumption when compared to other Cu-Cl configurations in addition to its relatively high energy efficiency around 40% or above depending on operational condition.
Finally, about the U-Eu-Br cycle Petri et al [15] carried out a literature review about three different thermochemical processes whose maximum operational temperature is below 550°C; Cu-Cl, Mg-Cl and U-Eu-Br. According to the authors, the Cu-Cl operates at 530°C; the Mg-Cl operates close to 500°C while the U-Eu-Br cycle can operate at around 300°C; this is the lowest level of temperature for thermochemical cycle that only demands heat and none electricity [15] .
In this line of reason, Miyaoka et al [21] proposed three chemical reactions capable to produce hydrogen with relatively low temperature levels, the Na-O-H cycle. This new cycle is composed by the elements: sodium (Na), oxygen (O) and hydrogen (H). Such cycle are able to operate at highest temperature near to 400-500°C or even below, what facilitates hydrogen production and allows the use of different energy systems [21] like Gas Turbine Modular Helium Reactor (GT-MHR), a nuclear technology. Starting from Miyaoka et al [21] conclusions and results, Marques et al [22] proposed a hydrogen production plant based on the Na-O-H process using a Sodium Cooled Fast Reactor (SFR) as the heat source. According to the results obtained by Marques et al [22] , they are produced around 1.321 kg/s of hydrogen when using 915 kg/s of steam at 510°C and 17 MPa coming from the SFR nuclear power plant.
Despite its low temperature requirements, the system proposed by Miyaoka et al [21] is still under development. So, in order to contribute to the development of such cycle, in a similar way like Marques et al [22] did, the main aim of the paper is to analyze a hydrogen production unit using the Na-O-H process whose required heat is supplied by a Gas Turbine Modular Helium Reactor (GT-MHR). In this way it will be possible to estimate the amount of hydrogen produced in such [22] .
GT-MHR is a nuclear power plant (NPP) capable to ally high energy efficiency due to the high temperature achieved by helium coolant with low environmental impacts [22] because this system does not burn fossil resources. Besides that, GT-MHR has some important features like low cost, safety, proliferation resistance and low operating and maintenance costs [23, 24] . The proliferation resistance is possible because the system is designed to burn some special nuclear materials, like the weapon-grade plutonium (WGrPu) coming from spent nuclear fuels of different nuclear reactors [25] . Such characteristics make GT-MHR a relatively clean energy system to produce electricity and hydrogen. Because of that, it was chosen as the energy source to develop the work.
Methodology
The paper is developed according to the sequence numbered below:
• System description: hydrogen production unit considering the Na-O-H process coupled to a GT-MHR.
• Basic explanation about two thermodynamic principles: the first and second laws.
• Application of these two statements for the devices in the system defined in section 2.1 • Defining the source data or thermodynamic properties need to develop the paper.
System description
The theoretical hydrogen plant evaluated in the paper is shown in figure 1 . It is mainly composed by three chemical reactions previously studied by Miyaoka et al [21] . The chemical reactions involved in such process demand some amount of energy that will be supplied by a hot coolant coming from a Gas Turbine Modular Helium Reactor (GT-MHR), a NPP capable to achieve the temperature limits required by the chemical reactions (around 100 to 400-500°C). Points 1 to 20 in figure 1 represent the process in the hydrogen unit while points 21 to 28 represent a thermodynamic Brayton cycle in the GT-MHR plant. The first chemical process takes place when liquid sodium (Na) and solid sodium hydroxide (NaOH) react to each other, equation (1) , producing gaseous hydrogen (H2) and solid sodium oxide (Na2O). This process is represented by points 1 to 5 in figure 1. Na and NaOH could be mixed together, without reacting (point 3), before they go to reactor 1 [22] . Miyaoka et al [21] performed such reaction at 300 and 350°C under argon atmosphere at 0.1 MPa. According to experimental data from Xu et al [26] , such reaction also can be performed close to 275 °C. Equation (1) is endothermic and the heat required maintaining it in reactor 1 is supplied by helium coolant coming from the NPP (points 16 and 17).
The second chemical transformation, equation (2), happens when sodium oxide decomposes into sodium peroxide (Na2O2) and sodium gas (Na), points 6, 7 and 9, through heat transfer in reactor 2 which energy is supplied by helium coolant coming from the GT-MHR through points 15 and 16. Miyaoka et al. [21] performed this reaction at 400 and 500 º C in an evacuated atmosphere. Sodium gas will be condensed into liquid by releasing heat to a cooling system [22] . Then, liquid sodium will be pumped and mixed (points 2, 3 and 8) with the solid hydroxide formed in equation (3), allowing again the chemical reaction (1) [22] .
The last chemical process, equation (3), occurs when heated liquid water (H2O) reacts with sodium peroxide to produce oxygen (O2) and sodium hydroxide (points 10 to 14). Water will be heated using heat from the coolant after it leaves reactor 1. The oxygen produced can be stored and sold while the sodium hydroxide (NaOH) will be mixed with liquid sodium to react again in reactor 1 as previously described [22] . Equation (1) was carried out by Miyaoka et al [21] at 100°C and 0.1 MPa in an argon atmosphere.
Like any thermochemical cycle, water is consumed to produce hydrogen while the other chemicals are recycled without any loss. Each milling process is responsible for reducing the size of inputs in order to facilitate chemical reactions [22] . Additionally, together with milling operations, it can exist treatment processes to remove some kind of impurities like humidity or adjust the composition of the chemicals involved in the processes [22] .
In relation to the GT-MHR, helium coolant at low temperature (point 27) removes heat from reactor core. After leaving it, helium coolant, now at high temperature (28) , is separated into two streams, one to the hydrogen unit through point 15, and another to gas turbine (21) to produce electricity. After leaving turbine (point 22), the coolant flows inside recuperator, a heat exchanger whose function is to preheat the coolant before it reaches reactor core. In the next step, helium releases heat in precooler (points 23 and 24.a) to sea water (points 29 and 30). Finally, helium is compressed in two stages with intermediate cooling (points 24.a to 24.b; 31 and 32), heated in recuperator (points 25.b and 26) and mixed with helium leaving the hydrogen unit through point 18 to return to reactor core (point 27) in order to begin the thermodynamic process again.
Thermodynamic principles for control volumes operating at steady state conditions
The physical statements used to develop the paper are mass conservation, the first law of thermodynamics and second law of thermodynamics for control volumes applied for the system and its devices described in figure 1. All these principles can be found in many references like thermodynamic books [27, 28] and they are widely used to evaluate many engineering devices such as turbines, pumps and heat exchanges. (4).
Mass conservation. The thermodynamic principle of mass conservation determines the amount
Energy conservation and the first law of thermodynamics. Energy conservation based on the first law of thermodynamics determines energy exchange in different engineering devices during their operations. The first law applied for control volumes in steady state condition, neglecting changes in potential and kinetic energies, is determined by equation (5) . h is the thermodynamic property enthalpy leaving (out) or entering (in) the component under analysis.
In addition, changes in specific enthalpy are calculated according to equation (6). C is the property specific heat.
Entropy generation and the second principle of thermodynamics.
The second principle of thermodynamics determines if a certain phenomenon, transformation or process are able to occur considering its entropy generation. Entropy generation for control volumes is determined considering following balance.
The property entropy (s) and its variation are calculated according to equation (8). 
Mathematical model and considerations
The physical principles described in section 2.2 are now applied to evaluate the system defined in figure 1 . All equations presented here will be implemented in the Engineering Equation Solver (EES) software [29] available at Universidade Federal de Minas Gerais (UFMG) with the following considerations [22] :
• All devices operate according to steady state conditions. • Every chemical processes occur according to stoichiometric proportions, with a yield of 100%, at certain thermodynamic conditions defined in section 2.4.
•
Heat and pressure losses inside and between components are neglected due to the lack of proper information to calculate such variables. In this way, they will be considered too small to impact on system overall performance.
• Input power related to Na and water pumps are neglected due to the same reasons described in the last item. Sodium hydroxide, liquid sodium and hot water have the same temperature required in reactor 3. Such value should be higher than 100°C to avoid the solidification of liquid sodium because such substance is required in its liquid form in reactor 1 or equation (1) .
• All the chemicals are recycled without any loss, except water that is consumed during the process. EES was chosen as the tool to develop the paper specially due to its relatively simplicity to implement mathematical equations and because this software has a wide library of thermodynamic properties.
Mass and energy balance equations.
Based on stoichiometric from equations (1)-(3) and the specific molecular weight for every chemical posteriorly presented in section 2.4, it is noted that the relation between hydrogen mass flow rate and the mass flow rate of the other substances in the Na-O-H cycle is given by equations (9) In table 1 can be seen the mass and energy balances for each device in the analyzed system after applying equations (4) and (5). (15) corresponds to the amount or percentage of helium coolant coming from the NPP that is directed to the Na-O-H plant. Y varies from 0 to 1. So, the mass of H2 produced depends on the mass flow rate of He coolant coming from the GT-MHR directed to the hydrogen plant. 28 15 m * y m   = (15) The net power produced by system in addition to its thermal efficiency is calculated according to the following equations. 2.3.2. Entropy balance equations. In table 2 are described the entropy generation for some devices in the system after applying equation (7) . 
Na condenser only will be evaluated according to the first law of thermodynamics because the source data related to it, provided in the next section, is not enough to provide a trustworthy analysis of the second law.
Input source data
The input source data needed to evaluate the system presented in figure 1 are described below in tables 3 and 4. Enthalpy and entropy of formation, specific heat (25°C; 1 atm) plus the molecular weight for every chemical were found in the references [30, 31] . Enthalpy and entropy of formation for each chemical compound for a situation out of the standard condition are determined by equations (6) and (8) respectively, together with constant specific heat at 25°C . Each chemical process in the hydrogen plant, equations (1)-(3), only occur at certain thermodynamic conditions of temperature and pressure defined according to experimental results from [21, 26] . Equation (1) occurs at 280°C plus evacuated atmosphere; equation (2) occurs at 400°C plus evacuated atmosphere; equation (3) occurs at a minimum temperature of 100ºC or above under atmosphere condition [22] . Table 4 . Thermodynamic properties of helium and water in a GT-MHR (adapted from [23, 24] Table 4 presents the thermodynamic properties of every point in the GT-MHR. The values of temperature and pressure for helium coolant were obtained from [23, 24] while the values of h and s in every point were obtained in EES software after providing the values of temperature and pressure. In the case of sea water used to cool helium in precooler and intercooler (points 29, 30, 31 and 32) was considered a temperature difference of 5°C between sea water inlet and outlet. Additionally, in the hydrogen unit, sea water (points 19 and 20) was also used to condense sodium gas in Na condenser (points 19 and 20) . The total mass flow rate of helium coolant coming from the NPP was considered as 500 kg/s. The thermodynamic properties related to the points 24 and 25 (compressors) are just approximations because the compression process is performed according to many compression steps with intermediate cooling and maybe loss of heat and pressure. In this way, compressors only will be evaluated according to the first law of thermodynamics. The nuclear reactor has a maximum thermal output of 1063 MW. In table 5 are presented the final results related to thermodynamic properties for each point in the hydrogen plant. Such results converge when helium leaves chemical reactor 1 at approximately 450°C and reactor 2 close to 465°C in order to reach a temperature of 440.9°C after it leaves water heater and return to nuclear reactor whose required inlet temperature is close to 440°C. Consequently, this situation impacts on the final temperature of chemical reaction (3) and points 1 to 4, 8, 9, 13 and 14, whose temperature are equal to 192.7°C. Such points have the same temperature values in order to avoid a heat transfer process, during the mixing of streams 1 and 2 to produce stream 3 as in figure 1 . This temperature value (192.7°C) prevents the solidification of liquid sodium after its condensation and before it goes to reactor 1 where sodium is required in liquid phase. In table 6 are In table 7 can be seen the amount of hydrogen produced in addition to the electrical power generated in turbine, the work consumed by compressors and the thermal efficiency of the system as a function of the mass flow rate of helium coolant in the NPP ( 21 m  ) and in the hydrogen production unit ( 15 m  ).
Results

Thermodynamic states for each point of the system
Mass flow rate of chemicals in the hydrogen plant
H2 production, energy efficiency, turbine and compressors power as function of y
Analyzing the results presented in table 7, it concludes that when 10% of the total mass of helium (y = 0.1) is directed to the Na Additionally, figures 2 and 3 provide a graphical visualization about the information given in table 7. As can be seen in these figures, when y varies from 0 to 1, the amount of hydrogen produced in the system improves from 0 to 3.654 (figure 2) while system thermal efficiency decreases from 0.5052 to 0 (figure 3). Again, it happens because all the mass flow rate of helium is used to produce hydrogen instead electricity in the power plant. This value of thermal efficiency, around 0.5, is the expected value for a GT-MHR system as can be seen in the references [23] [24] [25] . Table 8 presents thermal energy and entropy generation related to chemical reactor 1, chemical reactor 2 and chemical reactor 3 according to the amount of helium coolant in the hydrogen plant (y). According to the results, when y = 0.1, reactor chamber 1, reactor chamber 2 and reactor chamber 3 exchanged respectively 4.242 MW, 108.9 MW and 73.08 MW with a respective entropy generation of 0.02779 MW/K, 0.05447 MW/K and 0.003225 MW/K. On the other hand, when all helium from nuclear reactor is directed to the hydrogen unit (y = 1), reactor 1, reactor 2 and reactor 3 exchanged respectively 38.91 MW, 998.9 MW and 670.5 MW with a respective entropy generation of 0.2549 MW/K, 0.4997 MW/K and 0.02959 MW/K. Complementing the results presented in table 8, for the specific case when y = 0.2, turbine produces 784 MW of electricity and produces 0.07337 MW/K of entropy; recuperator and precooler exchange respectively 659 MW and 263.7 MW while Na condenser releases 75.26 MW. The values of entropy generation higher than 0 for the components analyzed above indicated that the processes related to them are able to occur. Still, the amount of heat exchanged and entropy generated in reactor 2 are higher than those for reactor 1 and 3. Such results are in agreement with the research carried out by Miyaoka et al [21] . This condition is an indicative that the proposed model, considering its limitations, is in accordance with the practical experiment performed by Miyaoka et al [21] .
Energy and entropy analysis for chemical reactors in the hydrogen unit
The values presented in table 8 are graphically represented in figures 4 and 5 which also cover the behavior associated with heat exchanged and entropy generation for water heater in the hydrogen plant. Based on these two figures, when y varies from 0 to 1, the amount of energy exchanged in reactor chamber 1, reactor chamber 2, reactor chamber 3 and water heater increase respectively from 0 to 38.91 MW, 998.9 MW, 670.5 MW and 23.51 MW while their entropy generation increase respectively from 0 to 0.2549 MW/K, 0.4997 MW/K, 0.04234 MW/K and 0.02959 MW/K. 
Final conclusions
In the work was proposed a theoretical hydrogen production plant based on the Na-O-H cycle proposed by Miyaoka et al [21] . Such system are able to operate at temperatures about 400-500°C. When such process is coupled to a Gas Turbine Modular Helium Reactor it can produce a maximum of 3.654 kg/s of hydrogen when heat is supplied by 500 kg/s of helium coolant at 850°C . This is a maximized theoretical value because some considerations were made to model the system like constant specific heat and neglecting heat loss in its devices. The Na-O-H system still is at an early stage of development with few papers but it could change in future due to its relatively low temperature requirements, what facilitates hydrogen production. In future papers, authors will perform an economic study, a practical experiment in a pilot plant and analyze the Na-O-H system considering other energy sources.
